Background Methamphetamine (MA)-dependent individuals prefer smaller immediate over larger delayed rewards in delay discounting (DD) tasks. Human and animal data implicate ventral (amygdala, ventral striatum, ventrolateral prefrontal cortex insula) and dorsal (dorsolateral prefrontal cortex, dorsal anterior cingulate cortex and posterior parietal cortex) systems in DD decisions. The ventral system is hypothesized to respond to the salience and immediacy of rewards while the dorsal system is implicated in the process of comparison and choice. Methods We used functional Magnetic Resonance Imaging to probe the neural correlates of DD in 19 recently abstinent MAdependent patients and 17 age-and gender-matched controls. Results Hard DD choices were associated with greatest activation in bilateral middle cingulate, posterior parietal cortex (PPC), and the right rostral insula. Control subjects showed more activation than MA patients bilaterally in the precuneus and in the right caudate nucleus, anterior cingulate cortex (ACC), and dorsolateral prefrontal cortex (DLPFC). Magnitude of discounting was correlated with activity in the amygdala, DLPFC, posterior cingulate cortex and PPC. Conclusions Our findings were consistent with a model wherein dorsal cognitive systems modulate the neural response of ventral regions. Patients addicted to MA, who strongly prefer smaller immediate over larger delayed rewards, activate the dorsal cognitive control system in order to overcome their preference. Activation of the amygdala during choice of delayed rewards was associated with a greater degree of discounting, suggesting that heavily discounting MA-dependent individuals may be more responsive to the negative salience of delayed rewards than controls.
Introduction
Delay discounting (DD) is a measure of impulsivity that has been used extensively in drug dependent populations (Monterosso and Ainslie 1999) . DD characterizes impulsivity as the relative preference for smaller immediate rewards over larger but delayed rewards (Ainslie 1974; Rachlin and Green 1972) . Numerous studies have shown that people addicted to drugs devalue or discount future rewards more than non-users; that is, drug addicted individuals are willing to settle for relatively smaller immediate gratification rather than wait for a larger amount. Relative to controls, heightened DD has been demonstrated in users of tobacco (Baker et al. 2003; Bickel et al. 1999; Mitchell 1999) , alcohol (Petry et al. 2002) , heroin (Kirby et al. 1999; Odum et al. 2000) , cocaine (Coffey et al. 2003; Monterosso et al. 2001) , and methamphetamine [MA] (Hoffman et al. 2006; , also see Reynolds (2006) , and Bickel and Marsch (2001) for reviews.
The neuroanatomical substrates of DD can be understood in terms of a model proposed by Ernst and Paulus (2005) in which two separate neural systems process different aspects of the decision and its outcome. Anatomical regions associated with the "cognitive" circuit include the dorsal anterior cingulate cortex (dACC), dorsolateral prefrontal cortex (DLPFC), posterior parietal cortex (PPC) and the superior temporal gyrus (STG), while the "affective" circuit includes the amygdala, ventral striatum, ventrolateral prefrontal cortex (VLPFC), the ventral ACC and the anterior insula. The affective system is hypothesized to be particularly sensitive to the intrinsic salience of a stimulus, while the cognitive system, partly through a working memory mechanism, is necessary for the comparison of alternatives and assessment of (sometimes hypothetical) outcomes. Impulsivity in patients suffering from addiction has been hypothesized to be related to both overvaluation of immediate rewards and difficulty reflecting on the future consequences of a decision (Bechara 2005; Ernst and Paulus 2005) .
Two studies in normal controls reported findings consistent with more involvement of the cognitive system with the choice of delayed rewards. Wittmann et al. (2007) reported greater activation associated with choice of delayed than immediate rewards in posterior insula bilaterally and left sided regions in the posterior cingulate cortex (PCC), STG and PPC (angular gyrus [AG] and inferior parietal lobule [IPL] ). McClure et al. investigated a DD task variant and reported that trials including the possibility of immediate reward produced relatively greater activation of ventral striatum and orbitofrontal cortex (OFC), while trials that offered a choice between two delayed rewards activated PCC and DLPFC. studied DD in non-treatmentseeking MA-dependent individuals and non-dependent controls. They did not detect activation in limbic regions, but found evidence of activation in both cognitive and affective systems. A contrast of DD trials vs. 'no choice' trials demonstrated bilateral activation in PPC, ACC/supplementary motor area (SMA) and both ventrolateral prefrontal cortex (VLPFC), DLPFC, and left rostral insula. When they compared the MA and control groups, they found significant clusters in the left DLPFC but only in a hard choice (near the indifference curve, where subjects have equal preference for immediate and delayed rewards) versus easy choice (far from the indifference curve) contrast. Interestingly, Boettiger et al. (2007) , in a study that indirectly compared alcoholdependent patients and controls, found that activity in DLPFC, PPC, and rostral parahippocampal gyrus correlated with preference for immediate rewards and a region in the ventrolateral OFC correlated with a preference for delayed rewards.
These data are consistent with the idea that substanceabusing individuals discount more heavily (prefer smaller immediate over larger later rewards) due to increased activity in the affective circuit and decreased activity in the cognitive circuit. The current study tested this model by examining the cortical and subcortical activity associated with DD in patients recently (2 to 8 weeks) abstinent from MA and in a matched group of normal controls. These subjects should be free from the acute effects of MA intoxication, but not yet recovered from the consequences of longer-term dependence (Volkow et al. 2001) . We hypothesized that, in the combined groups, DD choices would activate DLPFC, OFC, and posterior parietal cortex (PPC) more than control choices. In addition, we expected that choices of immediate vs. delayed rewards would activate ventral striatum and sub-genual ACC. Finally, we hypothesized that increased discounting in the MA group relative to the control group would be reflected in increased activity in the affective circuit due to overvaluation of immediate rewards and decreased activity in the cognitive circuit due to difficulty making comparisons.
Materials and methods

Participants
Control subjects (n=22) were recruited from the Portland Veterans Affairs Medical Center and the general public. Subjects in the MA group (n=20) were recruited from treatment programs in Portland, OR and had been abstinent from all drugs for at least 2 weeks and not longer than 8 weeks. Six subjects (five controls and one MA) were excluded because of unusable MRI data for a final count of 17 controls and 19 MA patients. Subjects were excluded due to excessive motion [>1 mm or >1°in any direction] (three), technical defects (two) or because subjects could not complete the scan (one). MA-dependent subjects reported use of at least 0.5 g of MA per day, at least 5 days a week for the past year. All participants provided informed consent (approved by the Portland Veterans Affairs Medical Center (PVAMC) Institutional Review Board) at the time of enrollment and were given a copy of the consent form, which outlined all procedures involved in participation. Exclusion criteria for either group included current drug use, incompatibility with MRI (due to metal implants of any kind, pregnancy, welding history, etc.), physical health issues (active hepatitis B or C, diabetes, heart disease, HIV, asthma, tuberculosis, epilepsy/seizures, renal dysfunction), or significant psychiatric problems (present/past DSM-IVTR [American Psychiatric Association, 2000] diagnoses of schizophrenia, bipolar affective disorder, attention deficit hyperactivity disorder, major depression, obsessive compulsive disorder). Each MA participant was interviewed and diagnosed using the Structured Clinical Interview for DSM-IV (SCID) [Multi Health Systems, North Tonawanda, NY, 1998 ] in order to establish the diagnosis of MA dependence and confirm the absence of disqualifying psychiatric disorders. Controls were interviewed with the SCID-NP. A urine drug screen was performed on every participant at the time of evaluation. No subject tested positive for any drug.
The groups did not differ in age (controls, 36.7±9.9 years, MA, 34.8±10.0 years; t(34)=0.65, NS) gender (controls, 29% female, MA, 32% female) handedness (controls, 12% left, MA, 11% left), or race (controls, 100% Caucasian, MA, 85% Caucasian). The MA subjects had used (mean±SD) 1.2± 1.1 g per day for 5.1±5.0 years and had been abstinent 48± 17 days at the time of evaluation. More MA subjects than controls were smokers (75% vs. 25%). Subjects were not required to abstain from smoking for the study.
DD task
Participants performed a forced-choice block design task in the scanner comprised of eight DD blocks alternated with eight magnitude estimation (ME) control blocks. Each block contained ten trials for a total of 80 ME and 80 DD trials per run for two runs. The blocks were separated by a 16-s fixation interval. DD trials presented the subject with two choices: $100 after a delay between 0 and 365 days) and an immediate reward from $1 to $99 (e.g., $100 in 12 days vs. $80 now). The set of choice pairs was generated so that the response space was evenly sampled. One hundred sixty immediate and delayed reward pairs were presented to each subject in pseudorandom sequence. Immediate and delayed rewards were randomly presented on the left or right. The ME trials consisted of two choices in which either the delay or reward was held constant (e.g., $50 in 12 days vs. $50 in 65 days, $50 in 12 days vs. $75 in 12 days). The ME task served as a control condition requiring similar scanning movement of the eyes, digital manipulation of the button box and similar lexical demand as the DD trials. Participants had 4 s to respond on each trial before the next was presented. Subjects indicated their choice by pressing buttons with the index and middle fingers of the right hand on an MR-compatible button box (Harvard Medical Systems, Holliston, MA). Stimuli were projected onto a screen located at the back of the bore of the magnet. Subjects read the choices by looking into a mirror affixed to the top of the head coil.
The responses on the DD task are characterized by a function that divides the stimulus space into choices of immediate versus delayed reward. Respondents prefer the immediate reward when its value is high or the delay is long but prefer the delayed reward when the immediate value is low or the delay short. For a given delay, the indifference point is defined as the value at which the preference switches between the immediate and delayed reward. The function that best fits these points is termed the indifference curve. This function is reasonably well represented by a hyperbolic equation (Green et al. 1997; Johnson and Bickel 2002) :
where v(x) is the value of the immediate reward at the indifference point, M is the maximum dollar amount (in this case, $100), x is the delay time and K n and n (both >0) are adjustable parameters. The most common implementation of Eq. 1 is with n=1. In this single parameter case, K 1 indexes the rate at which the value of M is discounted as a function of delay. A participant is said to be more impulsive the steeper the gradient (larger K 1 ) of the discounting function (Rachlin et al. 1991 ).
MRI
Imaging data were acquired on a 3 tesla (T) Siemens Trio MRI scanner. A localizer scan was acquired in order to guide slice alignment during the functional scans. Two T 2 *-weighted echo-planar imaging (EPI) functional runs were acquired (24 slices, 4 mm thick, gap width=1 mm, TR/TE/ α=2,000 ms/35 ms/80°, matrix=128×128, FOV=240× 240 mm, 420 volumes per run) with an in-plane pixel size of 1.875 mm 2 . Finally, a high-resolution T 1 -weighted anatomical Magnetization-Prepared Rapid Gradient Echo [MPRAGE] (144 slices 1 mm thick, TR/TE/TI/α = 2,300 ms/4.38 ms/1,200 ms/12°, FOV=208×256 mm) was acquired for co-registration with functional images and for statistical overlays.
Data analysis
All statistical calculations not performed by image analysis programs were performed with SYSTAT 11 (Point Richmond, CA; http://www.systat.com).
Analysis of the discount function
Choices made near the indifference curve (Eq. 1) demand more consideration (i.e., have longer reaction times) and are considered "hard" choices, whereas choices far from the indifference curve represent "easy" choices. The "best" indifference curve was determined by choice of the parame-ters, K n and n, that maximized 7 , the point biserial correlation between the actual and predicted choices. The choice of K n and n was determined by a seeded iterative procedure, where n varied from 0 to~2 in increments of 0.003, and K n was varied from 0 to~0.4 in increments of 0.0001. For each iteration, a 2×2 table was constructed between the actual choice (immediate or delayed) and the decision predicted by Eq. 1. The pair of parameters that gave the overall highest value of 7 was used to determine hard vs. easy choices as described below. In general, the version of Eq. 1 with n≠1 provided the maximum 7 . The best value of K for the special case of n=1, K 1 , was used for correlation with brain activity and comparison with past results.
Examination of reaction time as a function of distance from the calculated indifference curve revealed that, although there was considerable variability in reaction time at every distance, there was a peak near the indifference curve. The raw data are shown in Fig. 1a and the means (±SEM) of bins $10 wide are plotted in Fig. 1b . The data were fit to a Gaussian function of the form,
where RT is the reaction time, A 0 is the peak height of the function above baseline, d is the distance from the discounting curve, μ is the location of the peak and S is a measure of the width of the function. The non-linear regression yielded values of A 0 =0.461±0.021, μ=−3.093±0.767, C=1.439± 0.012, and S=15.01±0.94. We used these results to choose ± $15 as the region near the indifference curve where the decisions were 'hard'. All decisions outside this region were classified as 'easy'. This choice represents choices that fall in the central region of the function that accounts for 66% of the area under the curve above baseline. This procedure classified 31% of the control responses and 26% of the MA responses as hard choices.
Image analysis
Analysis of functional and anatomical MRI data was performed using Analysis of Functional NeuroImages [AFNI; Cox and Hyde 1997] . Functional scans were motion corrected, corrected for slice scan time, spatially smoothed with a Gaussian kernel (full width at half maximum [FWHM]=4 mm), detrended by fitting a linear model and temporally smoothed with a high-pass filter (three cycles per time course). The functional data were then co-registered to the MPRAGE and transformed into a standard space (Talairach and Tournoux 1988) . Within-subjects regressions were performed using five conditions: ME, DDimmediate-choice-hard (DD ih ), DD-immediate-choice-easy (DD ie ), DD-delayed-choice-hard (DD dh ), and DD-delayedchoice-easy (DD de ). Within-subjects predictors were constructed by convolving a linear combination of two gamma functions, which approximates the hemodynamic response in the brain to a stimulus, with a binary variable that was 0 for an acquisition without that trial type and a 1 for an acquisition with that trial type (Glover 1999) . Time series were corrected for autocorrelation before regression. Within-subject maps were generated with 3dDeconvolve, which associates a regression coefficient with each condition. Contrasts on the within-subject variables (i.e., conditions) were calculated as differences between the mean regression coefficients for the effects of interest. For the combined groups random effects analysis 3dANOVA2 was used, with five within-subject levels (conditions) and 36 between-subject levels (subjects). This map was corrected for multiple comparisons using 3dFDR [false discovery rate; Benjamini and Hochberg 1995] and a Monte Carlo cluster threshold estimation (7.1 voxel minimum cluster size). Because the easy and hard trials are orthogonal, they have unique predictor time courses and therefore yield unique parameter estimates for each of these conditions. For between-group and covariate [ln(K 1 )] analyses, the contrast of individual subject regression coefficients (DD dh + DD ih −2ME, calculated as described above), were entered as dependent variables into 3dRegAna, which allows for random effects analyses of unbalanced models. The user specifies a full multiple linear regression model, which includes all of the variables of interest, and a reduced model with fewer variables. A statistical test is performed to determine if the full model accounts for statistically significantly more variance than the reduced model. Group membership was coded by a binary variable (±1) and Z-scores were calculated for ln(K 1 ). The full regression model is,
where C DD h ÀME is the balanced contrast between DD hard and ME (from the within-subjects general linear model [GLM] ), and the γ n are the estimated parameters in the multiple linear regression. Statistical maps were calculated in a hierarchical manner. Separate maps were calculated for each of the single variable equations containing only ln(K 1 ) or Group. Maps were then calculated for the full model using each of the single variable reduced models. Minimum cluster sizes were generated using the Monte Carlo simulation method (Forman et al. 1995) , which arrived at minimum cluster sizes of 6.9 voxels (ln(K 1 )) and 7.0 voxels (Group). The maps were then thresholded to p<0.001 (ln(K 1 ) and Group, t=3.58, 3.539, respectively), and displayed on the high-resolution anatomical image. Volumes of interest (VOIs) determined from the second level regression were subjected to further analysis to better characterize the responses of the regions identified by statistical maps of the significance of the associated second level regression coefficients. Within each VOI, the within-subject regression coefficients for each first level predictor were averaged over all voxels. These averaged coefficients were combined to form the contrast of interest, DD dh +DD ih −2(ME), and then regressed against the between-subjects variables, ln(K 1 ) and Group.
Results
Delay discounting
Reaction times for hard and easy choices and the ME control task followed the same pattern in both MA and control groups ( Figs. 1 and 2 ). Hard choices took longer than easy choices in both groups and the groups did not differ in reaction times on the DD trials. MA subjects took 15% longer to respond to ME trials than controls. The proportion of hard to easy choices was similar in the two groups (31% [range 28% to 35%] in the control group and 26% [range 22% to 32%] in the MA group). The MA subjects, however, chose the immediate rewards substantially more often than the controls (65% vs. 40%, χ 2 =350, p<0.0001).
Subjects in the MA group discounted more steeply than those in the control group; ln(K 1 ) was significantly less negative in the MA patients (control: −5.95±1.10; MA: −4.01± 1.92; t(34)=3.6, p<0.01). These values correspond to K 1 of 0.0026 and 0.018 in the control and MA groups, respectively.
Functional MRI
Delay discounting vs. magnitude estimation: combined groups
Examination of contrasts between DD trials categorized by difficulty (easy vs. hard) and ME control trials found a consistently greater contrast for hard vs. control than easy vs. control (Fig. 3) . This is consistent with the reaction time data shown in Fig. 2 . Therefore, easy choice trials were omitted from the subsequent analyses and all contrasts between DD and the ME control condition used only responses on hard choices.
Contrast of DD hard vs. ME found 11 clusters with significantly greater signal during the decision-making than control trials (Table 1, Fig. 4a ). The single unilateral volume was the right insular cortex. The largest bilateral area of activation appeared in the dorsal anterior cingulate cortex (dACC) and extended dorsally into the medial superior frontal gyrus (SFG). A second, smaller and more caudal, area of activation occurred in the posterior cingulate cortex (PCC). There were additional bilateral volumes of activation in V/DLPFC. In the parietal lobe, areas of activation appeared bilaterally: medially in the cunei and on the lateral surface in the angular gyri (AG). The latter cluster extended dorsally into the supramarginal gyrus (SMG) and the intraparietal sulcus (IPS). Hard>Easy, p<0.01, MA: Hard>Easy, p<0.01; **Control: Easy<ME, p<0.01, MA: Easy<ME, p<0.001. Between groups (two sample t test): ***MA>Control (t(34)=2.591, p=0.015). The groups did not differ in reaction times on the Hard or Easy choices As there were four left (L)-handed subjects (two controls and two MA subjects), their individual maps were inspected visually and did not qualitatively differ from the right (R)-handed subjects (furthermore, a fixed effects GLM with two left handed and two right handed controls, and two left and two right handed MA was run; no main effect was found for left vs. right in any voxel for overall F or for any contrast).
MA group vs. control group
The effect of diagnostic group was examined with the between-subjects linear regression model given in Eq. 3. The statistical map for the effect (t-statistic for the regression coefficient in Eq. 3) of ln(K 1 ) on the contrast between DD hard and ME identified primarily right-sided regions: right amygdala, SFG, MCC, putamen, PCC, and temporal pole (TP; Table 2 , Fig. 4b ). The map for the effect of group membership identified bilateral regions at the parieto-occipital junction, the right caudate head, right ACC and smaller, primarily right hemisphere volumes (Table 3 , Fig. 4c ). Examination of mean regression coefficients for each trial type within the two groups (Fig. 3) revealed that the MA users' decreased contrast between DD hard and ME occurred partly because the patient group exhibited more activation during ME and DD easy trials than control subjects. Group did not account for more variance than ln(K 1 ) in any voxel, but ln(K 1 ) accounted for more variance than Group in the areas of activation shown in Fig. 4b . Moreover, adding an interaction term (Group x ln(K 1 )) to the model did not increase the percent of variance explained, suggesting that the regression slopes are parallel for the MA-dependent and control groups.
Examination of the relationship between the component values of the contrast between active and control tasks and ln(K 1 ) yielded insight into the attribution of cerebral activation in Fig. 4b . The more heavily subjects discounted (less negative ln(K 1 )), the greater was the difference between hard choices and control choices (Fig. 5) . A post hoc inspection of the contrast DD dh +DD ih −2(ME) revealed that the regression coefficient of the DD ih and ME trials did not correlate with ln(K 1 ), while the coefficient of the DD dh trials was significantly positively correlated with ln(K 1 ). For example, the Pearson correlations between DD dh and ln(K 1 ) in amygdala, RPPC and RSFG were 0.673 (p<0.001), 0.403 ( p<0.02), and 0.509 (p<0.002), respectively. Correlations with other terms in the contrast were not significant. Fig. 3 Mean regression coefficients calculated for three characteristic volumes of interest within the MA and control groups. The contrast between hard choices and ME is greater than that between easy choices and ME. Note also that the contrasts between hard choices and ME are smaller in the MA group than the control group. LdACC Left dorsal anterior cingulate cortex, RAG right angular gyrus, RSFG right superior frontal gyrus, ME magnitude estimation, MA methamphetamine group, CS control subject group 
Discussion
Behavioral observations
The values of K 1 determined in the scanner for MA and control subjects (0.018 and 0.0026, respectively) are similar to those reported in our previous investigation (0.018, 0.004; Hoffman et al. 2006 ) and that of , (0.045, 0.013). As expected, MA subjects discount more heavily than the non-addicted control subjects.
Functional MRI
Delay discounting task
Difficult choices between immediate and delayed rewards activated dACC (BA 24), V/DLPFC (BA 10/9), inferior parietal lobule (IPL; BA 39) the anterior insular cortex (BA 13) and the R MTG (BA 22) . This pattern of regional activity is quite similar to that in the δ areas identified by McClure et al. (2004; 2007) and in the combined group analysis of Monterosso et al.. As expected, the regions identified in this analysis are associated with both the cognitive and affective systems hypothesized by Ernst and Paulus (2005) . Although amygdala and ventral striatum, important components of the affective system, were not identified in the within-subjects analysis, focal activation of the amygdala was associated with heavier discounting in the between-subjects analysis (Fig. 4b) . This broad pattern of cerebral activation likely reflects the complex nature of the decision-making process. The DD task requires evaluation of the immediate and delayed options, comparison of the choices, selection of the preferred option and a motor response. The task used in this study did not allow dissection of this process in a manner that would allow identification of anatomical correlates of subtasks (e.g., stimulus evaluation or stimulus comparison). We expect, however, that evaluation of the options would rely more heavily on the affective system, whereas comparison of the options and choice would engage the cognitive system (Bechara 2005; Ernst and Paulus 2005) . FDR false detection rate. CTE cluster threshold estimate (voxels). a DD vs. ME random effects analysis for combined groups. The active regions are identified and described in Table 1 . b and c show maps related to a between-subjects multiple regression of the form shown in Eq. 3. b Linear-regression-map of t-statistic for the regression coefficient of ln(K 1 ). Active regions are identified and described in Table 2 . Positive t scores are related to positive correlation between the contrast, DD hard vs. ME and ln(K 1 ). c. Linear-regression-map of tstatistic for regression coefficient of the effect of Group membership. Active regions are identified and described in Table 3 . Contrast between DD hard and ME is greater for controls vs. MA subjects in all regions V/DLPFC, dACC, anterior insula, PPC, and more caudal regions of the MFG make up an executive network that exerts cognitive control over decisions (Cole and Schneider 2007) . These executive regions integrate contextual and mnemonic information (e.g., current internal state, past experience, expectation of longer-term consequences) with raw salience and modulate the subsequent choice (Ernst and Paulus 2005) . Verbal and spatial working memory are important subcomponents of executive function (Owen et al. 2005; Ricciardi et al. 2006) . Working memory reflects a set of functions that involves both selective attention and mechanisms for the maintenance of cognitively manipulable representations in different sensory modalities (Baddeley et al. 2001; GoldmanRakic 1996) . In this context, the dorsal network may be related to calculation and comparison of the two alternatives (Simon et al. 2002) . Capacity to evaluate multiple outcomes simultaneously is limited by the amount of information that one can hold online in the brain and manipulate. That is, expression of a preference between two possibilities relies on the brain's capacity to simultaneously evaluate more than one potential outcome. The comparison may go awry if the network is inefficient or impaired. Interestingly, a recent study of DD and working memory found that the two functions show a strong inverse relationship, as increased working memory load was associated with more impulsive responses on the DD task (Hinson et al. 2003) .
Like and unlike McClure et al. (2004; 2007) , we did not observe activation in the OFC or ventral striatum, critical nodes in the network for assigning representative value to stimuli and holding that representation on line during decision making (Bechara 2005; Ernst and Paulus 2005; McClure et al. 2004; Wallis 2007) . Differences in task design or contrasts used to construct statistical maps likely account for some of these differences. The present study was designed so that both ME and DD trials require the subject to evaluate two stimuli and make an assessment regarding which is more desirable. Note, however, that the ME trials require an evaluation about which of two numbers is larger, a decision which has a correct answer, while the DD trials require a more complex assessment that involves temporal discounting. To the extent that the ME task is more purely cognitive, we might expect a diminution of contrast with DD in cognitive regions and enhancement in the affective circuit. We find, however, the highest contrast between the two tasks in the dorsal, cognitive network. In addition, blood oxygen level dependent (BOLD) response in the OFC is difficult to detect because of the artifact resulting from the magnetic susceptibility change at the interface between the brain and the air-filled frontal sinuses (Ojemann et al. 1997) . In this study, the signal to noise ratio in the gyrus rectus was 10.55 while that in the SFG, for example, was 114.1.
Methamphetamine dependent patients and controls
Control subjects exhibited more robust cortical activation than MA patients in several regions. The precuneus (BA 7) is implicated in spatially directed attention, episodic memory retrieval and self awareness (Cavanna and Trimble 2006) . Other medial occipital lobe activation in the cuneus and MOG may be related to visually directed attention. The ACC and dACC (BA 24) along with the R DLPFC (BA 9) and the head of the caudate nucleus (HCN) form the anterior part of a brain system that subtends working memory, spatially directed attention (Owen et al. 2005; Ricciardi et al. 2006) and cognitive control (Cole and Schneider 2007) . MA-dependent individuals may have primary anatomical and metabolic deficits in the cingulate cortex. For example, Thompson et al. (2004) found decreased cortical thickness in several regions of the ACC in a group of MA-dependent patients while London et al. (2004) , in a positron emission tomography (PET) study of MA users, found a correlation between mood disturbances and cerebral metabolic rate in the ACC. also found evidence of decreased activity in frontoparietal regions in MA users, but they identified parietal activation somewhat more laterally, in the PPC, while the frontal activation was more rostral. The activity we observed in the precuneus is quite near the junction with the PPC and likely represents the same observation. Examination of the average regression coefficients for DD and control stimuli indicated that subjects in both groups exhibited greater cortical activation during hard choices relative to easy choices (Fig. 3) , although this contrast was not significant in whole brain analyses. The figure shows, however, that MA subjects, unlike controls, exhibited more activation on easy and ME questions and, as a result, showed less difference between DD and ME trials. A similar finding was reported previously by . A possible interpretation of these findings is that MA users exhibited less efficient cognitive control, i.e., comparing alternative choices was generally more difficult. This executive control inefficiency may subsequently bias decisions to less complex, albeit smaller, immediate rewards. The longer reaction times of the MA group on ME trials further suggests that this group has a harder time in general making decisions than the controls. This interpretation is bolstered by the multiple regression results. Multiple linear regression (Eq. 3) allowed identification of regions in which the discounting parameter, ln(K 1 ), was associated with variance in addition to that accounted for by group membership. Greater BOLD response was correlated with magnitude of discounting in R amygdala, R SFG, R PPC and R PCC. It is important to recognize that these correlations resulted predominantly from the effect of trials in which the subjects picked the delayed reward in a hard choice pair. This right hemisphere circuit is more heavily recruited when subjects with a preference for immediate reward, instead, choose a delayed reward. This is consistent with the idea that subjects who prefer immediate rewards do so because of inefficient cognitive control and must robustly activate the cognitive circuit in order make a delayed choice.
In this sample, most of the heavy discounters were in the MA-dependent group but some controls also discounted heavily. The regression lines for MA-dependent and control participants appeared to have the same slopes and intercepts. Therefore, this association between choice of a delayed reward and amygdalar activation may be a general feature of delay discounting. Due to range restriction (i.e., limited variance in discounting) it might not be possible to detect amygdalar activation in a sample of controls nor in a sample of MA-dependent subjects. By combining control participants with MA-dependent subjects, however, the variance in discounting is expanded and it becomes possible to detect the associated amygdalar activation.
There are similarities between the regions identified with this regression and regions found in other fMRI studies of discounting and decision making. McClure et al. (2004; 2007) identified regions in the ventral striatum and anterior insula that were associated with choice of smaller immediate rewards, while found a region in the right VLPFC in which activity in a hard choice-no choice contrast was correlated negatively with log(K 1 ). Boettiger et al. (2007) identified regions, similar to those we report (RPPC, LdPFC, R parahippocampal gyrus [PHG] ), that were correlated with the subjects' preference for immediate rewards. The authors suggest that activation of parietofrontal regions and PHG biases the individual toward choosing the immediate reward. Our data suggests an alternative interpretation; namely, that frontoparietal activation is necessary to exert cognitive control over amygdalar activation in order for steep discounters to select delayed rewards. This is consistent with the findings of Wittmann et al. (2007) . In a sample of normal controls, they found choice of delayed reward associated with activation of posterior insular cortex, left STG, AG, IPL, and cuneus. They concluded that activation of the cognitive system was necessary for choices that delayed gratification.
The amygdala is generally felt to be part of the ventral, affective system and might be expected to be more sensitive to immediate rewards. For example, cue-induced craving for drugs is associated with activation of amygdala, ventral ACC, insula, and nucleus accumbens (Garavan et al. 2000; Grant et al. 1996; Kilts et al. 2001; Wexler et al. 2001) . Note that subjects who discount heavily (primarily in the MA group) make many fewer choices of delayed than immediate rewards. It is possible that choosing a delayed reward is asso-ciated with amygdalar activation because the delayed reward represents an aversive choice or a loss. For example, Nitschke et al. (2006) reported activation of dorsal amygdala, anterior insula, dorsal ACC, right DLPFC, and right posterior OFC when subjects were shown aversive photos. These findings are consistent with a model in which MA-addicted patients make impulsive decisions (prefer the smaller immediate reward) due both to inefficient cognitive control (and consequent difficulty comparing the options) and to difficulty executing a choice of an aversive delayed reward. We did not find evidence in this study that MA users make impulsive decisions due to affective system hyperactivity leading to overvaluation of immediate rewards.
The greater number of smokers in the MA group could have influenced our results either through the effects of chronic smoking or due to withdrawal during the MRI. The latter possibility was minimized by allowing the subjects who smoked access to nicotine before the procedure and by limiting the time without a cigarette to less than 2 h. None of the subjects who smoked complained of nicotine craving during or after the procedure. The effects of chronic smoking on fMRI results are not well understood; however, a recent study (Friedman et al. 2008) found an increase in BOLD activation in chronic smokers (compared to non-smokers) on a simple visual activation task. As we did not find any areas of increased activation in the heavier smoking MA group, this effect is unlikely to have contributed artifactually to our results. Nevertheless, future studies should carefully match patients and controls for current and historical smoking.
Our results have clinical implications, as MA patients who discount more heavily may also be at greater risk for relapse. Although the association has not been demonstrated in the MA population, increased discounting has been associated with a greater probability of relapse in pregnant female smokers (Yoon et al. 2007) . Therefore, heavy discounting may help identify individuals at risk for resumption of drug use and provide a target for pharmacological and psychosocial therapies aimed at changing the magnitude of preference for immediate rewards. For example, cognitive behavioral treatments aimed at increasing cognitive control could form the basis for increasing the subjective desirability of future rewards . In summary, we have identified brain regions activated by temporal discounting in controls and in patients recovering from MA addiction. In particular, we have identified regions that are specifically activated when subjects with a preference for immediate rewards choose delayed rewards. The findings suggest that patients addicted to MA, who strongly prefer smaller immediate rather than larger delayed rewards, must activate the dorsal cognitive control system in order to overcome their preference. When these heavy discounters choose a delayed reward, increased amygdalar activation likely represents the aversive nature of picking the deferred option.
